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(57) ABSTRACT

Embodiments of the present disclosure are directed toward
techniques and configurations for an optical device having a
semiconductor layer to propagate light and a mirror disposed
inside the semiconductor layer and having echelle grating
reflective surface to substantially totally internally reflect the
propagating light inputted by one or more input waveguides,
to be received by one or more output waveguides. The
waveguides may be disposed in the semiconductor layer
under a determined angle relative to the mirror reflective
surface. The determined angle may be equal to or greater than
atotal internal reflection angle corresponding to the interface,
to provide substantially total internal reflection of light by the
mirror. The mirror may be formed by an interface of the
semiconductor layer comprising the mirror reflective surface
and another medium filling the mirror, such as a dielectric.
Other embodiments may be described and/or claimed.
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1
OPTICAL DEVICE USING ECHELLE
GRATING THAT PROVIDES TOTAL
INTERNAL REFLECTION OF LIGHT

FIELD

Embodiments of the present disclosure generally relate to
the field of optoelectronics, and more particularly, to tech-
niques and configurations for an optical device (e.g., multi-
plexor or demultiplexer) using echelle grating based on the
total internal reflection principle and implemented on a sili-
con-on-insulator platform.

BACKGROUND

Optical multiplex or demultiplex devices based on echelle
grating techniques have been used to realize multiplexing or
demultiplexing of optical signals. Several approaches may be
implemented to increase reflectivity of the grating surface in
such devices and accordingly reduce optical loss. For
example, metal may be deposited on the grating surface to
enhance reflectivity. In another example, distributed Bragg
reflector (DBR) mirrors may be fabricated behind the grating
surface. In yet another example, straight grating facets may be
replaced by corner mirror structures in the grating surface.
However, these or similar approaches may be difficult to
implement from a fabrication perspective and may cause
implementation inaccuracy and integration problems, which
may result in insufficient reflectivity increase.

BRIEF DESCRIPTION OF THE DRAWINGS

Embodiments will be readily understood by the following
detailed description in conjunction with the accompanying
drawings. To facilitate this description, like reference numer-
als designate like structural elements. Embodiments are illus-
trated by way of example and not by way of limitation in the
figures of the accompanying drawings.

FIG. 1 is a block diagram of an optoelectronic system that
may include a multiplexer and/or demultiplexer with a mirror
having echelle grating configured to provide total internal
reflection of light, in accordance with some embodiments.

FIG. 2 is an example implementation of the optoelectronic
system as an integrated photonics link, in accordance with
some embodiments.

FIG. 3 illustrates an example top view of an optical device
comprising a mirror with echelle grating surface configured
to provide total internal reflection of light, in accordance with
some embodiments.

FIG. 4 illustrates a 3-dimensional view of an example
optical device comprising a mirror with echelle grating sur-
face configured to provide total internal reflection of light, in
accordance with some embodiments.

FIGS. 5 and 6 illustrate various embodiments of the
waveguides’ orientation in an optical device comprising a
mirror with echelle grating surface configured to provide total
internal reflection of light, in accordance with some embodi-
ments.

FIG. 7 is a photo image showing a zoomed 3-dimensional
view of a portion of an example optical device comprising a
mirror with echelle grating surface configured to provide total
internal reflection of light, in accordance with some embodi-
ments.

FIGS. 8-13 schematically illustrate cross-section side
views of an example optical device configured with an echelle
grating mirror providing a substantially total reflection of
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light, showing different stages of forming the optical device
structure, in accordance with some embodiments.

FIG. 14 is a flow diagram for a process of fabricating an
optical device comprising a mirror with echelle grating sur-
face configured to provide total internal reflection of light,
using a semiconductor-dielectric-semiconductor structure, in
accordance with some embodiments.

FIG. 15 illustrates an example computing device suitable
for use with various components of an optoelectronic system,
such as a transmitter having the multiplexer with the echelle
grating mirror and/or receiver having the demultiplexer with
the mirror, in accordance with various embodiments.

DETAILED DESCRIPTION

Embodiments of the present disclosure describe tech-
niques and configurations for an optical device having a semi-
conductor layer to propagate light from at least one light
source and a mirror disposed inside the semiconductor layer
and having echelle grating reflective surface to substantially
totally internally reflect the propagating light inputted by one
or more input waveguides, to be received by one or more
output waveguides disposed inside the semiconductor layer.
The mirror may be formed inside the semiconductor layer in
a trench disposed in the layer. The mirror may be formed by
an interface of two media: the semiconductor layer compris-
ing the mirror reflective surface and another medium (e.g., air
or dielectric material) that may fill the trench and may have a
refractive index that is lower than that of the semiconductor
layer, to provide the substantially total internal reflection of
light by the mirror. The input and output waveguides may be
disposed in the semiconductor layer under a determined angle
relative to the mirror reflective surface, to provide substan-
tially total internal reflection of light by the mirror. To enable
the substantially total internal reflection, the determined
angle of disposing the waveguides inside the semiconductor
layer may be equal to or greater than a total internal reflection
angle corresponding to the interface of the two media. The
optical device may comprise a multiplexer or demultiplexer,
due to the echelle grating effect of the mirror reflective sur-
face.

In the following description, various aspects of the illus-
trative implementations will be described using terms com-
monly employed by those skilled in the art to convey the
substance of their work to others skilled in the art. However,
it will be apparent to those skilled in the art that embodiments
of'the present disclosure may be practiced with only some of
the described aspects. For purposes of explanation, specific
numbers, materials, and configurations are set forth in order
to provide a thorough understanding of the illustrative imple-
mentations. However, it will be apparent to one skilled in the
art that embodiments of the present disclosure may be prac-
ticed without the specific details. In other instances, well-
known features are omitted or simplified in order not to
obscure the illustrative implementations.

In the following detailed description, reference is made to
the accompanying drawings that form a part hereof, wherein
like numerals designate like parts throughout, and in which is
shown by way of illustration embodiments in which the sub-
ject matter of the present disclosure may be practiced. It is to
be understood that other embodiments may be utilized and
structural or logical changes may be made without departing
from the scope of the present disclosure. Therefore, the fol-
lowing detailed description is not to be taken in a limiting
sense, and the scope of embodiments is defined by the
appended claims and their equivalents.
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For the purposes of the present disclosure, the phrase “A
and/or B” means (A), (B), or (A and B). For the purposes of
the present disclosure, the phrase “A, B, and/or C” means (A),
(B), (C), (A and B), (A and C), (B and C), or (A, B, and C).

The description may use perspective-based descriptions
such as top/bottom, in/out, over/under, and the like. Such
descriptions are merely used to facilitate the discussion and
are not intended to restrict the application of embodiments
described herein to any particular orientation.

The description may use the phrases “in an embodiment,”
or “in embodiments,” which may each refer to one or more of
the same or different embodiments. Furthermore, the terms
“comprising,” “including,” “having,” and the like, as used
with respect to embodiments of the present disclosure, are
Synonymous.

The term “coupled with,” along with its derivatives, may be
used herein. “Coupled” may mean one or more of the follow-
ing. “Coupled” may mean that two or more elements are in
direct physical or electrical contact. However, “coupled” may
also mean that two or more elements indirectly contact each
other, but yet still cooperate or interact with each other, and
may mean that one or more other elements are coupled or
connected between the elements that are said to be coupled
with each other. The term “directly coupled” may mean that
two or more elements are in direct contact.

In various embodiments, the phrase “a first layer formed,
deposited, or otherwise disposed on a second layer” may
mean that the first layer is formed, deposited, grown, bonded,
orotherwise disposed over the second layer, and at least a part
of'the first layer may be in direct contact (e.g., direct physical
and/or electrical contact) or indirect contact (e.g., having one
or more other layers between the first layer and the second
layer) with at least a part of the second layer.

Asused herein, the term “module” may refer to, be part of,
or include an Application Specific Integrated Circuit (ASIC),
an electronic circuit, a processor (shared, dedicated, or
group), and/or memory (shared, dedicated, or group) that
execute one or more software or firmware programs, a com-
binational logic circuit, and/or other suitable components that
provide the described functionality.

FIG. 1 is a block diagram of an optoelectronic system 100
that may include a multiplexer and/or demultiplexer with a
mirror having echelle grating configured to provide total
internal reflection of light, in accordance with some embodi-
ments. The optoelectronic system 100 may be used to trans-
mit an optical signal modulated with a data signal via an
optical fiber, for example, between racks in a data center, or
long distance, between data storage facilities, data centers,
and the like.

The optoelectronic system 100 may include an optical
device such as transmitter 102 (e.g., photonic chip). The
transmitter 102 may include one or more light sources (e.g.,
laser devices) 104 to provide a light signal 118 (e.g., constant
light intensity signal) to a respective modulator 106 to modu-
late input light according to a data signal to be transmitted.
Each combination of the light source 104 and corresponding
modulator 106 may comprise a communication channel 110,
112, 114. Although three communication channels are
shown, fewer or multiple more communication channels may
be used in a transmitter such as 102, e.g., to provide a desired
data transmission rate. The modulator 106 may output a
modulated optical signal 120 to a multiplexer 124 having a
mirror 150 with echelle grating providing a substantially total
internal reflection of light as described herein. Similarly,
communication channels 112, 114 may output modulated
signals 121,123 to the multiplexer 124. Signals 120,121,123
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4

multiplexed from communication channels 110,112, and 114
may be input as a combined signal 122 to an optical mode
converter (e.g., coupler) 126.

The optical mode converter 126 may provide the interface
from the multiplexer 124 with the mirror 150 on the photonic
chip to an optical communication channel (e.g., optical fiber
cable) 130 and is configured to transfer the combined optical
signal 127 to the optical communication channel 130, to be
received by a receiver 134. In embodiments, the receiver 134
may include a demultiplexer 136 having the mirror 150 with
echelle grating providing a substantially total internal reflec-
tion of light as described herein. The demultiplexer 136 may
be configured to demultiplex signal 127 into multiple signals
138, according to techniques described herein.

FIG. 2 is an example implementation of the optoelectronic
system of FIG. 1 as an integrated photonics link 200, in
accordance with some embodiments. Similar to the system
100 described above, the link 200 may include a transmitter
102 and receiver 134. The transmitter 102 may include mul-
tiple lasers 104 and waveguides 202 comprising modulators
106 and splitters 204. The optical signals generated by the
lasers 104 may be provided through the waveguides 202 and
splitters 204 to the mirror 150 of the multiplexer 124 with
multiple input waveguides 206, according to wavelengths of
each of the waveguides 206. The mirror 150 may substan-
tially totally reflect the optical signals of different wave-
lengths and combine the signals due to the echelle grating
effect of the mirror. An output waveguide 208 may receive the
combined optical signal and transmit the optical signal to the
optical mode converter 126. The optical mode converter 126
may provide the optical signal 127 converted from the com-
bined optical signal to the receiver 134, to be converted by an
optical mode converter 226 of the receiver 134. The converted
optical signal may then be input into the demultiplexer 136
with the mirror 150 via the input waveguide 210. The mirror
150 may substantially totally reflect the optical signal, which
may be split by wavelengths due to echelle grating effect of
the mirror 150. The split portions of the signal may be
received by multiple output waveguides 212 according to
corresponding wavelengths of the waveguides 212. The por-
tions of the output signal may be provided via the output
waveguides 212 to photodetectors 214, to be further pro-
cessed as desired. Various embodiments of the multiplexer
124 or demultiplexer 136 having the mirror 150 with echelle
grating surface providing substantially total internal reflec-
tion of light will be described below in greater detail.

FIG. 3 illustrates an example top view of an optical device
300 comprising a mirror with echelle grating surface config-
ured to provide total internal reflection of light, in accordance
with some embodiments. It will be appreciated that a multi-
plexer such as 124 or demultiplexer such as 136 may be
implemented according to the embodiments described in ref-
erence to FIG. 3. For simplicity purposes, the optical device
illustrated in FIG. 3 comprises a demultiplexer.

In some embodiments, the optical device 300 may be
formed on a silicon-on-insulator (SOI) platform. Accord-
ingly, the optical device 300 may formed in a semiconductor
layer (e.g., comprising silicon) 302 or other silicon-based
material. For example, in some embodiments, the semicon-
ductor layer 302 may be provided on high index waveguide
platforms, such as Si;N, waveguide-buried oxide (BOX)-Si
substrate, or SION waveguide-BOX-Si substrate. The optical
device may include a mirror 304 disposed inside the semi-
conductor layer 302, and having echelle grating reflective
surface 306 to reflect light propagating inside the semicon-
ductor layer 302. The optical device 300 may be configured
such that the light propagating inside the semiconductor layer
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302 may be confined in a vertical direction (e.g., by sand-
wiching the semiconductor layer 302 between dielectric lay-
ers as described in reference to FIGS. 8-13). The mirror 304
may be formed in a trench disposed in the semiconductor
layer 302, as will be described below.

The reflective surface 306 of the mirror 304 may comprise
a plurality of linear or curved micro-mirrors disposed on a
substantially non-linear-shaped (e.g., curved) surface of the
mirror 306, to provide constructive interference for the light
directed at the mirror 304. The gratings may be constructed
using various focusing geometries such as a Roland circle or
ellipse. In a Roland circle, micro-mirror centers may be
located about the circumference of a circle. In the elliptical
disposition, micro-mirror centers may be determined based
on the grating equation.

The mirror 304 may be formed by an interface of two
media: the semiconductor layer 302 comprising the mirror
reflective surface 306 and another medium (e.g., air or dielec-
tric material) that may fill the trench in which the mirror 304
may be formed. That other medium may have a refractive
index that is lower than that of the semiconductor layer 302,
to provide the substantially total internal reflection of light by
the mirror 304. For example, the trench disposed in the semi-
conductor layer 302 may be filled with a dielectric material,
e.g., oxide. Accordingly, the refraction index of the semicon-
ductor material may be greater than the refraction index of the
dielectric material comprising the reflective surface 306 of
the mirror 304, providing for a substantially total internal
reflection (TIR) of light 316 directed at the mirror 304 by the
input waveguide 310.

When light 316 enters the interface comprising one
medium (e.g., semiconductor layer 302) and another medium
(e.g., dielectric material filling the trench in which the mirror
304 is disposed), the amount of light transmitted and reflected
may be determined by Fresnel equations. In other words, the
reflectivity at the semiconductor-dielectric interface may be
calculated as a function of the angle of incidence using
Fresnel equations. For example, one may assume that the
semiconductor layer 302 comprises silicon and the dielectric
material comprises oxide. Because silicon has a higher refrac-
tive index (n Si=3.45) than oxide (n oxide=1.45), substan-
tially total internal reflection of light may occur at an angle
equal to or greater than 26 degrees, according to Fresnel
calculations. Accordingly, substantially total amount of light
316 directed at the mirror 304 at an angle equal to or greater
than the TIR angle (e.g., 26 degrees) may be reflected back
into silicon (shown as reflected light 318).

The defined TIR angle between an interface of the two
media (e.g., as described above, about 26 degrees for an
interface between the semiconductor layer 302 and the
dielectric material filling the trench in which the mirror 304
may be formed), may allow for a determination of the posi-
tions of the input waveguide(s) 310 and output waveguide(s)
312 inside the semiconductor layer 302. For example, the
positions of the input and output waveguides 310 and 312
inside the semiconductor layer 302 may be selected such that
an angle of incidence 314 of the light 316 directed at the
echelle grating reflective surface 306 may be equal to or
greater than the defined TIR angle corresponding to the inter-
face of the two media.

The input and output waveguides 310 and 312 may be
disposed at determined distances 320 from the reflective sur-
face 306 of the mirror 304. Accordingly, when light 316
enters the semiconductor layer 302 from the input waveguide
310, it may be spatially dispersed within the silicon slab
region (as indicated by arrows 321), then substantially totally
reflected from the reflective surface 306 (as indicated by
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arrows 322), and refocused by the reflective surface 306 of the
mirror 304 at the output waveguide 312 as indicated by 318.

Ifthe optical device 300 comprises a demultiplexer, due to
echelle grating effect of the reflective surface 306, portions of
the reflected light 318 may be received by multiple output
waveguides 312 according to their respective wavelengths.
Similarly, if the optical device 300 comprises a multiplexer,
due to echelle grating effect of the reflective surface 306,
portions of the reflected light 318 may be received by the
mirror 304 according to their respective wavelengths and
reflected into the output waveguides 312 (indicated by
reflected light 318).

As described above, the orientation of the waveguides 310,
312 may be defined such that the angle of incidence 314 on
the surface 306 may be greater than the critical angle required
for TIR. Depending on the type of the device 300 (e.g.,
multiplexer or demultiplexer), each of the input or output
waveguides may correspond to a particular wavelength of
inputted light (in a multiplexer) or reflected light (in a demul-
tiplexer).

In summary, the described embodiments provide for sub-
stantially total internal reflection of light by the mirror 304
formed as described above, and for avoiding a deposition of
additional reflective material (e.g., metal) on the reflective
surface 306 of the mirror 304.

One of the design considerations for echelle grating reflec-
tive surface 306 configured to provide substantially total
internal reflection of light as described above may be aberra-
tion correction. The term “aberration correction” may refer to
the grating equation and not to the focusing properties of the
system. In the echelle gratings with Rowland geometry,
beams of light directed at the mirror 304 with large angles of
incidence may require correction of the micro-mirror loca-
tions such that the path length difference for light reflected
from adjacent micro-mirrors may satisfy the grating equa-
tion. In elliptical grating geometry, the aberration correction
may not be needed because of the methodology adopted in
grating construction. Input and output waveguides are placed
at the foci of a series of ellipses. Therefore, grating equation
and focusing properties of the optical device 300 may be
tuned during the grating construction. The echelle grating
may comprise a desired size footprint and may be imple-
mented with integrated optoelectronic systems (e.g., system
100).

FIG. 4 illustrates a 3-dimensional view of an example
optical device 400 comprising a mirror with echelle grating
surface configured to provide substantially total internal
reflection of light, in accordance with some embodiments.
The like components of the optical device 400 are numerated
with like numerals in reference to FIG. 3. As shown, the
optical device 400 may include the semiconductor layer 302
disposed on a buried oxide (BOX) layer 402. The optical
device 400 may include the input waveguide 310 and multiple
output waveguides 312 (in the instance of the optical device
400 comprising a demultiplexer). For illustrative purposes
only, the semiconductor layer 302 is shown having a cut-out
portion 404 in which light inputted by the input waveguide
310 may be dispersed before being reflected by the mirror 304
and further dispersed before being received by the output
waveguides 312. One skilled in the art will appreciate that the
semiconductor layer 302 may comprise a slab inside which
the waveguides 310 and 312 may be etched and the mirror 304
formed as described in reference to FIG. 3. For example, the
input and output waveguides 310 and 312 may comprise ribs
etched inside the semiconductor layer 302.

The orientation of the output/input waveguides of the opti-
cal device with respect to the echelle grating reflective surface
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of the mirror may contribute to reducing loss of light, e.g.,
insertion loss associated with the optical device. FIGS. 5 and
6 illustrate various embodiments of the waveguides’ orienta-
tion in an optical device comprising a mirror with echelle
grating surface configured to provide total internal reflection
oflight, in accordance with some embodiments. As illustrated
in FIG. 5, waveguides 502 may have a horizontal orientation
relative to a mirror 506. More specifically, the ends 510 of the
waveguides 502 may be disposed substantially equidistantly
relative to horizontal axis 512 linking the ends of the mirror
506.

In some embodiments, as illustrated in FI1G. 6, waveguides
602 may have an angled orientation relative to a mirror 606.
More specifically, the ends 610 of the waveguides 602 may be
disposed at different distances (e.g., 620, 622) to horizontal
axis 612 linking the ends of the mirror 606. In some embodi-
ments, the angled orientation of the waveguides shown in
FIG. 6 may provide lower light loss (e.g., insertion loss) than
the horizontal orientation of the waveguides shown in F1G. 5.

FIG. 7 is a photo image showing a zoomed 3-dimensional
view of a portion 700 of an example optical device compris-
ing a mirror with echelle grating surface configured to pro-
vide substantially total internal reflection of light, in accor-
dance with some embodiments. As shown in the photo image,
the portion 700 may include a semiconductor layer 702 hav-
ing a trench 704 disposed in the layer 702. The trench 704
may have echelle grating 706 provided on at least one facet
720 of the trench 704 to form a mirror 730 in accordance with
embodiments described herein. In order to achieve substan-
tially right corners and substantially vertical sidewalls of the
grating 706 surfaces, a two-layer hard mask (e.g., comprising
about 300 nanometers of Si;N, and about 2 micrometers of
Si0,) may be used as described in reference to FIGS. 8-13 in
greater detail.

The light 716 provided from an input waveguide(s) (not
shown) placed under an incident angle equal to or greater than
the TIR angle relative to the trench 704 may be substantially
totally reflected by the mirror 730 formed in the trench 704 to
form a reflected light 718, providing multiplexing or demul-
tiplexing of the light 716 depending on a desired type of the
optical device. As described above, the trench 704 may be
filled with another medium, such as air or dielectric material,
to provide the desired TIR effect.

FIGS. 8-13 schematically illustrate cross-section side
views of an example optical device configured with an echelle
grating mirror providing a substantially total reflection of
light, showing different stages of forming the optical device
structure, in accordance with some embodiments. More spe-
cifically, FIGS. 8-13 illustrate the example fabrication opera-
tions adapted to form the device structure based on an SOI
platform, in accordance with some embodiments. The numer-
als used in FIGS. 8-13 reference some of the components of
the optical device 300 described in reference to FIG. 3. For
simplicity purposes, the structure components (e.g., layers of
the structure) of the optical device that appear in multiple
figures will be described and numbered in the first figure in
which they appear and will be referenced in subsequent fig-
ures.

Referring to FIG. 8, the device 300 is depicted subsequent
to providing a substrate (e.g., silicon substrate) 802 with a
buried oxide (BOX) layer 804 (e.g., 1 micrometer SiO,)
disposed on top of the substrate 802, and depositing a semi-
conductor (e.g., 0.2 or 30 micrometer crystal silicon) layer
302 on the BOX layer 804. The substrate 802, BOX layer 804,
and semiconductor layer 302 may comprise an SOI wafer.

In FIG. 9, the device 300 is depicted subsequent to a depo-
sition of a first layer of a two-layered hard mask provided for
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subsequent etching the semiconductor layer 302 to form the
mirror with echelle grating reflective surface and/or input and
output waveguides described in reference to FI1G. 3. The hard
mask may be provided in a dielectric layer 902 (e.g., 1
micrometer Si0,) that may be deposited on top of the semi-
conductor layer 302. In some embodiments, the dielectric
layer 902 may comprise silicon dioxide (Si0,), siliconnitride
(SizN,), aluminum trioxide (Al,O,), hafnium dioxide
(HfO,), or other suitable materials. The light propagating
inside the semiconductor layer 302 may be confined in a
vertical direction, by having the semiconductor layer 302 be
sandwiched between the layers 804 and 902.

In FIG. 10, the device 300 is depicted subsequent to depos-
iting a photoresist layer 1002 (e.g., Si;N,) on top of the
dielectric layer 902 and patterning the hard mask using
lithography (e.g., high resolution lithography). The pattern
may define a trench 1004 extending into the dielectric layer
902. For example, the trench 1004 may have a width of about
2 micrometers. As described in reference to FIG. 3, the mirror
304 may be formed inside the trench 1004.

In FIG. 11, the device 300 is depicted subsequent to strip-
ping the photoresist layer 1002 and dry etching semiconduc-
tor layer 302, to form the trench 1004 inside the semiconduc-
tor layer 302, and form the echelle grating reflected surface on
at least one facet of the trench 1004. The top view 1200 of the
trench 1004 comprising the mirror 304 etched inside the
semiconductor layer 302 is illustrated in FIG. 12. Line 1204
indicates a cross-sectional view of the trench 1004 as it is
depicted in FIG. 11. As shown, the echelle grating reflective
surface 306 of the mirror 304 may have a non-linear, e.g.,
curved shape.

InFIG. 13, the device 300 is depicted subsequent to depos-
iting, or otherwise disposing, a dielectric material 1302 (e.g.,
high aspect ratio silicon oxide SiO,) on top of the dielectric
layer 902 to fill the trench 1004, and polishing a surface 1304
of the device 300 to remove excess of the dielectric material
1302 from the dielectric layer 902.

FIG. 14 is a flow diagram for a process 1400 of fabricating
an optical device comprising a mirror with echelle grating
surface configured to provide total internal reflection of light,
using a semiconductor-dielectric-semiconductor structure
(e.g., the device 300 of FIG. 3), in accordance with some
embodiments. The process 1400 may comport with actions
described in connection with FIGS. 8-13 in some embodi-
ments.

At 1402, the process 1400 may include forming a semicon-
ductor layer on a substrate provided for fabricating the device
300 and other actions directed at providing an SOI structure.

At 1404, the process 1400 may further include patterning a
trench inside the semiconductor layer, similar to the actions
described in reference to FIGS. 10-11. More specifically, the
process 1404 may include patterning the trench with echelle
grating reflective surface on a facet of the trench with such
orientation to the waveguide that provides fulfilling the sub-
stantially total internal reflection of light condition, similar to
the actions described in reference to FIGS. 10-11. For
example, a hard mask may be used for forming the trench and
echelle grating. In other words, the process in detail may
include disposing a trench inside the semiconductor layer and
etching echelle grating reflective surface on a facet of the
trench to form a mirror to reflect light propagating through the
semiconductor layer.

At 1408, the process 1400 may further include disposing
input and output waveguides under a determined angle rela-
tive to the mirror surface, as described in reference to FIGS.
10-11.



US 9,250,388 B1

9

At 1410, the process 1400 may further include filling the
trench with a medium such as a dielectric material having a
refractive index that is lower than that of the semiconductor
layer, to provide the substantially total internal reflection of
light by the mirror, after etching echelle grating reflective
surface, as described in reference to FIG. 13.

At 1412, the process 1400 may further include optionally,
alternatively, or additionally to the actions performed at
1402-1410, performing other actions as necessary. For
example, the actions may include disposing a photoresist
layer on top of the dielectric layer with a hard mask of the
reflective surface, conducting lithographic patterning and
hard mask etching, dry etching the semiconductor layer using
the hard mask to produce the reflective surface, and/or other
actions described in reference to FIGS. 8-13.

The optical device 300 (e.g., multiplexer or demultiplexer)
formed as a result of the operations described above may be
configured to receive light inputted from a light source via
one or more input waveguides (depending on a type of the
optical device) and substantially totally internally reflect the
light using the echelle grating surface of the mirror formed in
the semiconductor layer of the device 300, to be received and
propagated by one or more output waveguides (depending on
atype of the optical device). The waveguides may be disposed
in the semiconductor layer under a determined angle (e.g.,
equal to or greater than the TIR angle between the two media
comprising the mirror) relative to the mirror surface, to pro-
vide for substantially total internal reflection of light.

Various operations related to FIGS. 8-14 are described as
multiple discrete operations in turn, in a manner that is most
helpful in understanding the claimed subject matter. How-
ever, the order of description should not be construed as to
imply that these operations are necessarily order dependent.
Embodiments of the present disclosure may be implemented
into a system using any suitable hardware and/or software to
configure as desired.

FIG. 15 illustrates an example computing device 1500
suitable for use with various components of FIG. 1, such as
optoelectronic system 100 including transmitter 102 having
the multiplexer 124 with the echelle grating mirror 150 and/or
receiver 134 having the demultiplexer 136 with the mirror
150, in accordance with various embodiments. As shown,
computing device 1500 may include one or more processors
or processor cores 1502 and system memory 1504. For the
purpose of this application, including the claims, the terms
“processor” and “processor cores” may be considered syn-
onymous, unless the context clearly requires otherwise. The
processor 1502 may include any type of processors, such as a
central processing unit (CPU), a microprocessor, and the like.
The processor 1502 may be implemented as an integrated
circuit having multi-cores, e.g., a multi-core microprocessor.
The computing device 1500 may include mass storage
devices 1506 (such as diskette, hard drive, volatile memory
(e.g., dynamic random-access memory (DRAM), compact
disc read-only memory (CD-ROM), digital versatile disk
(DVD), and so forth). In general, system memory 1504 and/or
mass storage devices 1506 may be temporal and/or persistent
storage of any type, including, but not limited to, volatile and
non-volatile memory, optical, magnetic, and/or solid state
mass storage, and so forth. Volatile memory may include, but
is not limited to, static and/or dynamic random-access
memory. Non-volatile memory may include, but is not lim-
ited to, electrically erasable programmable read-only
memory, phase change memory, resistive memory, and so
forth.

The computing device 1500 may further include input/
output (I/0) devices 1508 (such as a display (e.g., a touch-
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screen display), keyboard, cursor control, remote control,
gaming controller, image capture device, and so forth) and
communication interfaces 1510 (such as network interface
cards, modems, infrared receivers, radio receivers (e.g., Blue-
tooth), and so forth). In some embodiments, the communica-
tion interfaces 1510 may include or otherwise be coupled
with the transmitter 102 having the multiplexer 124 with the
echelle grating mirror 150 and/or receiver 134 having the
demultiplexer 136 with the mirror 150 as described herein, in
accordance with various embodiments.

The communication interfaces 1510 may include commu-
nication chips (not shown) that may be configured to operate
the device 1500 in accordance with a Global System for
Mobile Communication (GSM), General Packet Radio Ser-
vice (GPRS), Universal Mobile Telecommunications System
(UMTS), High Speed Packet Access (HSPA), Evolved HSPA
(E-HSPA), or Long-Term Evolution (LTE) network. The
communication chips may also be configured to operate in
accordance with Enhanced Data for GSM Evolution (EDGE),
GSM EDGE Radio Access Network (GERAN), Universal
Terrestrial Radio Access Network (UTRAN), or Evolved
UTRAN (E-UTRAN). The communication chips may be
configured to operate in accordance with Code Division Mul-
tiple Access (CDMA), Time Division Multiple Access
(TDMA), Digital Enhanced Cordless Telecommunications
(DECT), Evolution-Data Optimized (EV-DO), derivatives
thereof, as well as any other wireless protocols that are des-
ignated as 3G, 4G, 5G, and beyond. The communication
interfaces 1510 may operate in accordance with other wire-
less protocols in other embodiments.

The above-described computing device 1500 elements
may be coupled to each other via system bus 1512, which may
represent one or more buses. In the case of multiple buses,
they may be bridged by one or more bus bridges (not shown).
Each of these elements may perform its conventional func-
tions known in the art. In particular, system memory 1504 and
mass storage devices 1506 may be employed to store a work-
ing copy and a permanent copy of the programming instruc-
tions for the operation of the transmitter 102 of FIG. 1. The
various elements may be implemented by assembler instruc-
tions supported by processor(s) 1502 or high-level languages
that may be compiled into such instructions.

The permanent copy of the programming instructions may
be placed into mass storage devices 1506 in the factory, or in
the field, through, for example, a distribution medium (not
shown), such as a compact disc (CD), or through communi-
cation interface 1510 (from a distribution server (not shown)).
That is, one or more distribution media having an implemen-
tation of the agent program may be employed to distribute the
agent and to program various computing devices.

The number, capability, and/or capacity of the elements
1508, 1510, 1512 may vary, depending on whether comput-
ing device 1500 is used as a stationary computing device,
such as a set-top box or desktop computer, or a mobile com-
puting device, such as a tablet computing device, laptop com-
puter, game console, or smartphone. Their constitutions are
otherwise known, and accordingly will not be further
described.

In embodiments, memory 1504 may include computa-
tional logic 1522 configured to practice aspects of embodi-
ments, such as operation of the transmitter 102 and/or
receiver 134, as described in reference to FIGS. 1 and 3-13.
For one embodiment, at least one of processors 1502 may be
packaged together with computational logic 1522 configured
to practice aspects of optical signal transmission and receipt
described herein to form a System in Package (SiP) or a
System on Chip (SoC).
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The computing device 1500 may include or otherwise be
associated with an optoelectronic system, such as system 100
implementing aspects of the transmitter 102 and/or receiver
134, including the multiplexer 124 and/or demultiplexer 136
as described above. In some embodiments, at least some
components of the optoelectronic system 100 (e.g., transmit-
ter 102 and/or receiver 134) may be communicatively
coupled with the computing device 1500 and/or be included
in one or more of the computing device 1500 components,
such as communication interfaces 1510, for example.

In various implementations, the computing device 1500
may comprise one or more components of a data center, a
laptop, a netbook, a notebook, an ultrabook, a smartphone, a
tablet, a personal digital assistant (PDA), an ultra mobile PC,
a mobile phone, or a digital camera. In further implementa-
tions, the computing device 1500 may be any other electronic
device that processes data.

According to various embodiments, the present disclosure
describes a number of examples. Example 1 is an optical
apparatus comprising: a semiconductor layer to propagate
light from at least one light source; a mirror disposed inside
the semiconductor layer, and having echelle grating reflective
surface to reflect and refocus the propagating light; at least
one input optical waveguide disposed inside the semiconduc-
tor layer to spatially disperse the propagating light onto the
mirror; and at least one output optical waveguide disposed
inside the semiconductor layer to receive at least a portion of
light reflected by the mirror, wherein the input and output
optical waveguides are disposed under a determined angle
relative to the mirror reflective surface, to provide substan-
tially total internal reflection of light by the mirror.

Example 2 may include the subject matter of Example 1,
and further specifies that the mirror is formed in a trench
disposed in the semiconductor layer.

Example 3 may include the subject matter of Example 2,
and further specifies that the mirror reflective surface is
etched on at least one facet of the trench.

Example 4 may include the subject matter of Example 3,
and further specifies that the trench is filled with a medium
having a refractive index that is lower than that of the semi-
conductor layer, to provide the substantially total internal
reflection of light by the mirror formed by an interface of the
semiconductor layer and the medium.

Example 5 may include the subject matter of Example 4,
and further specifies that the determined angle is equal to or
greater than a total internal reflection angle corresponding to
the interface of the semiconductor layer and the medium.

Example 6 may include the subject matter of Example 5,
and further specifies that the medium comprises a dielectric
material.

Example 7 may include the subject matter of Example 6,
and further specifies that the semiconductor layer comprises
silicon (Si) or other silicon-based material and the dielectric
material is selected from at least one of: air, silicon dioxide
(810,), silicon nitride (Si;N,), aluminum trioxide (Al,0;), or
hafnium dioxide (HfO,).

Example 8 may include the subject matter of Example 3,
and further specifies that the reflective surface is disposed on
the at least one facet of the trench and comprises a substan-
tially non-linear shape having a plurality of linear or curved
micro-mirrors disposed around the reflective surface.

Example 9 may include the subject matter of Example 2,
and further specifies that the optical apparatus further com-
prises: a substrate; a buried oxide (BOX) layer disposed
above the substrate, wherein the semiconductor layer is dis-
posed on the BOX layer; and a dielectric layer disposed above
the semiconductor layer, to confine the light propagating
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inside the semiconductor layer; wherein the trench extends
through the dielectric layer into the semiconductor layer.

Example 10 may include the subject matter of Example 1,
and further specifies that the light source is optically coupled
with the apparatus and comprises a laser.

Example 11 may include the subject matter of Example 1,
and further specifies that the input and output waveguides
comprise ribs etched inside the semiconductor layer.

Example 12 may include the subject matter of Example 11,
and further specifies that the input and output waveguides
have respective first ends to receive light from the light source
and second ends to focus received light on the mirror, wherein
the second ends are disposed within respective determined
distances from the reflective surface of the mirror.

Example 13 may include the subject matter of Examples 1
to 12, and further specifies that the at least one input
waveguide comprises two or more waveguides, wherein each
input waveguide corresponds to a determined wavelength,
wherein the at least one output waveguide comprises one
waveguide, and wherein the optical apparatus comprises a
multiplexer.

Example 14 may include the subject matter of Examples 1
to 12, and further specifies that the at least one output
waveguide comprises two or more waveguides, wherein each
output waveguide corresponds to a determined wavelength,
wherein the at least one input waveguide comprises one
waveguide, and wherein the optical apparatus comprises a
demultiplexer.

Example 15 is an optical communication system compris-
ing at least one optical apparatus, wherein the optical appa-
ratus includes: a semiconductor layer to propagate light from
at least one light source; a mirror disposed inside the semi-
conductor layer, and having echelle grating reflective surface
to reflect and refocus the propagating light; at least one input
optical waveguide disposed inside the semiconductor layer to
direct the propagating light into the mirror; and at least one
output optical waveguide disposed inside the semiconductor
layer to receive at least a portion of light reflected by the
mirror, wherein the input and output optical waveguides are
disposed under a determined angle relative to the mirror
reflective surface, to provide substantially total internal
reflection of light by the mirror.

Example 16 may include the subject matter of Example 15,
and further specifies that the system comprises an optical
transmitter that includes the optical apparatus, wherein the at
least one input waveguide comprises two or more
waveguides, wherein each input waveguide corresponds to a
determined wavelength, wherein the at least one output
waveguide comprises one waveguide, and wherein the optical
apparatus comprises a multiplexer.

Example 17 may include the subject matter of Example 15,
and further specifies that the system further comprises an
optical receiver that includes the optical apparatus, wherein
the at least one output waveguide comprises two or more
waveguides, wherein each output waveguide corresponds to a
determined wavelength, wherein the at least one input
waveguide comprises one waveguide, and wherein the optical
apparatus comprises a demultiplexer.

Example 18 may include the subject matter of Examples 15
to 17, and further specifies that the mirror is formed in a trench
disposed in the semiconductor layer, wherein the trench is
filled with a dielectric having a refractive index that is lower
than that of the semiconductor layer, to provide for the sub-
stantially total internal reflection of light by the mirror,
wherein the reflective surface comprises a plurality of linear
or curved micro-mirrors disposed on at least one facet of the
trench.
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Example 19 is a method for providing an optical apparatus,
comprising: providing a semiconductor layer; disposing a
trench inside the semiconductor layer; etching echelle grating
reflective surface on a facet of the trench to form a mirror to
reflect light propagating through the semiconductor layer;
and disposing at least one input optical waveguide to direct
the propagating light into the mirror and at least one output
optical waveguide to receive at least a portion of light
reflected by the mirror inside the semiconductor layer, under
a determined angle relative to the mirror reflective surface, to
provide substantially total internal reflection of light by the
mirror.

Example 20 may include the subject matter of Example 19,
and further specifies that providing a semiconductor layer
comprises: providing a substrate; disposing a buried oxide
(BOX) layer above the substrate; and disposing the semicon-
ductor layer on the BOX layer.

Example 21 may include the subject matter of Example 20,
and further specifies that the method further comprises dis-
posing a dielectric layer above the semiconductor layer, to
confine the light propagating inside the semiconductor layer,
wherein disposing the trench includes extending the trench
through the dielectric layer.

Example 22 may include the subject matter of Example 21,
and further specifies that the method further comprises filling
the trench with a dielectric material having a refractive index
that is lower than that of the semiconductor layer, to provide
the substantially total internal reflection of light by the mirror,
after etching echelle grating reflective surface.

Example 23 may include the subject matter of Example 22,
and further specifies that the determined angle is equal to or
greater than a total internal reflection angle between the semi-
conductor and dielectric layers

Example 24 may include the subject matter of Example 21,
and further specifies that etching echelle grating reflective
surface includes: disposing a photoresist layer on top of the
dielectric layer with a hard mask of the reflective surface; and
dry etching the semiconductor layer using the hard mask to
produce the reflective surface.

Example 25 may include the subject matter of Example 24,
and further specifies that etching echelle grating reflective
surface further includes: etching a plurality of linear or curved
micro-mirrors on at least one facet of the trench formed inside
the semiconductor layer.

Various embodiments may include any suitable combina-
tion of the above-described embodiments including alterna-
tive (or) embodiments of embodiments that are described in
conjunctive form (and) above (e.g., the “and” may be “and/
or”). Furthermore, some embodiments may include one or
more articles of manufacture (e.g., non-transitory computer-
readable media) having instructions, stored thereon, that
when executed result in actions of any of the above-described
embodiments. Moreover, some embodiments may include
apparatuses or systems having any suitable means for carry-
ing out the various operations of the above-described embodi-
ments.

The above description of illustrated implementations,
including what is described in the Abstract, is not intended to
be exhaustive or to limit the embodiments of the present
disclosure to the precise forms disclosed. While specific
implementations and examples are described herein for illus-
trative purposes, various equivalent modifications are pos-
sible within the scope of the present disclosure, as those
skilled in the relevant art will recognize.

These modifications may be made to embodiments of the
present disclosure in light of the above detailed description.
The terms used in the following claims should not be con-
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strued to limit various embodiments of the present disclosure
to the specific implementations disclosed in the specification
and the claims. Rather, the scope is to be determined entirely
by the following claims, which are to be construed in accor-
dance with established doctrines of claim interpretation.

What is claimed is:

1. An optical apparatus comprising:

a semiconductor layer to propagate light from at least one
light source;

a mirror disposed inside the semiconductor layer, and hav-
ing echelle grating reflective surface to reflect and refo-
cus the propagating light;

at least one input optical waveguide disposed inside the
semiconductor layer to spatially disperse the propagat-
ing light onto the mirror; and

at least one output optical waveguide disposed inside the
semiconductor layer to receive at least a portion of light
reflected by the mirror,

wherein the input and output optical waveguides are dis-
posed under a determined angle relative to the mirror
reflective surface, to provide substantially total internal
reflection of light by the mirror.

2. The optical apparatus of claim 1, wherein the mirror is

formed in a trench disposed in the semiconductor layer.

3. The optical apparatus of claim 2, wherein the mirror
reflective surface is etched on at least one facet of the trench.

4. The optical apparatus of claim 3, wherein the trench is
filled with a medium having a refractive index that is lower
than that of the semiconductor layer, to provide the substan-
tially total internal reflection of light by the mirror formed by
an interface of the semiconductor layer and the medium.

5. The optical apparatus of claim 4, wherein the determined
angle is equal to or greater than a total internal retlection angle
corresponding to the interface of the semiconductor layer and
the medium.

6. The optical apparatus of claim 5, wherein the medium
comprises a dielectric material.

7. The optical apparatus of claim 6, wherein the semicon-
ductor layer comprises silicon (Si) or other silicon-based
material and the dielectric material is selected from at least
one of: air, silicon dioxide (Si0,), silicon nitride (Si;N,),
aluminum trioxide (Al,O;), or hafhium dioxide (HfO,).

8. The optical apparatus of claim 3, wherein the reflective
surface is disposed on the at least one facet of the trench and
comprises a substantially non-linear shape having a plurality
of linear or curved micro-mirrors disposed around the reflec-
tive surface.

9. The optical apparatus of claim 2, further comprising:

a substrate;

a buried oxide (BOX) layer disposed above the substrate,
wherein the semiconductor layer is disposed on the BOX
layer; and

a dielectric layer disposed above the semiconductor layer,
to confine the light propagating inside the semiconduc-
tor layer;

wherein the trench extends through the dielectric layer into
the semiconductor layer.

10. The optical apparatus of claim 1, wherein the at least
one light source is optically coupled with the apparatus and
comprises a laser.

11. The optical apparatus of claim 1, wherein the input and
output waveguides comprise ribs etched inside the semicon-
ductor layer.

12. The optical apparatus of claim 11, wherein the input
and output waveguides have respective first ends to receive
light from the light source and second ends to focus received



US 9,250,388 B1

15

light on the mirror, wherein the second ends are disposed
within respective determined distances from the reflective
surface of the mirror.

13. The optical apparatus of claim 1, wherein the at least
one input waveguide comprises two or more waveguides,
wherein each input waveguide corresponds to a determined
wavelength, wherein the at least one output waveguide com-
prises one waveguide, and wherein the optical apparatus com-
prises a multiplexer.

14. The optical apparatus of claim 1, wherein the at least
one output waveguide comprises two or more waveguides,
wherein each output waveguide corresponds to a determined
wavelength, wherein the at least one input waveguide com-
prises one waveguide, and wherein the optical apparatus com-
prises a demultiplexer.

15. An optical communication system comprising at least
one optical apparatus, wherein the optical apparatus includes:

a semiconductor layer to propagate light from at least one
light source;

a mirror disposed inside the semiconductor layer, and hav-
ing echelle grating reflective surface to reflect and refo-
cus the propagating light;

at least one input optical waveguide disposed inside the
semiconductor layer to direct the propagating light into
the mirror; and

at least one output optical waveguide disposed inside the
semiconductor layer to receive at least a portion of light
reflected by the mirror,

wherein the input and output optical waveguides are dis-
posed under a determined angle relative to the mirror
reflective surface, to provide substantially total internal
reflection of light by the mirror.

16. The optical communication system of claim 15, further
comprising an optical transmitter that includes the optical
apparatus, wherein the at least one input waveguide com-
prises two or more waveguides, wherein each input
waveguide corresponds to a determined wavelength, wherein
the at least one output waveguide comprises one waveguide,
and wherein the optical apparatus comprises a multiplexer.

17. The system of claim 15, further comprising an optical
receiver that includes the optical apparatus, wherein the at
least one output waveguide comprises two or more
waveguides, wherein each output waveguide corresponds to a
determined wavelength, wherein the at least one input
waveguide comprises one waveguide, and wherein the optical
apparatus comprises a demultiplexer.

18. The system of claim 15, wherein the mirror is formed in
a trench disposed in the semiconductor layer, wherein the
trench is filled with a dielectric having a refractive index that
is lower than that of the semiconductor layer, to provide for
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the substantially total internal reflection of light by the mirror,
wherein the reflective surface comprises a plurality of linear
or curved micro-mirrors disposed on at least one facet of the
trench.

19. A method, comprising:

providing a semiconductor layer;

disposing a trench inside the semiconductor layer;

etching echelle grating reflective surface on a facet of the

trench to form a mirror to reflect light propagating
through the semiconductor layer; and

disposing at least one input optical waveguide to direct the

propagating light into the mirror and at least one output
optical waveguide to receive at least a portion of light
reflected by the mirror inside the semiconductor layer,
under a determined angle relative to the mirror reflective
surface, to provide substantially total internal reflection
of light by the mirror.

20. The method of claim 19, wherein providing a semicon-
ductor layer comprises:

providing a substrate;

disposing a buried oxide (BOX) layer above the substrate;

and

disposing the semiconductor layer on the BOX layer.

21. The method of claim 20, further comprising:

disposing a dielectric layer above the semiconductor layer,

to confine the light propagating inside the semiconduc-
tor layer, wherein disposing the trench includes extend-
ing the trench through the dielectric layer.

22. The method of claim 21, further comprising:

filling the trench with a dielectric material having a refrac-

tive index that is lower than that of the semiconductor
layer, to provide the substantially total internal reflection
of light by the mirror, after etching echelle grating
reflective surface.

23. The method of claim 22, wherein the determined angle
is equal to or greater than a total internal reflection angle
between the semiconductor and dielectric layers.

24. The method of claim 21, wherein etching echelle grat-
ing reflective surface includes:

disposing a photoresist layer on top of the dielectric layer

with a hard mask of the reflective surface; and

dry etching the semiconductor layer using the hard mask to

produce the reflective surface.

25. The method of claim 24, wherein etching echelle grat-
ing reflective surface further includes:

etching a plurality of linear or curved micro-mirrors on at

least one facet of the trench formed inside the semicon-
ductor layer.



